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hy exporimentel investication was mde to determine the varie 
ef shock shape and Recent of subsonic region behing the shocl: 

neh 0 with angle of attack for a 70° cone at various Hach mmbers. The 
ain interest was centered on those Snch numbers which produeed detach= 


j 


| ghool: waves or for which the possibility of detaclment at angle of 


The teste were conducted in tho GAICIT 2.5" Supersmic Hind Tumel 
at angles of attack of 0°, 8°, 6°, 99, 129, and 15° and Mach numbers 

of 1.458, 1.544, 1.584, 1.957, 1.936, and 5.01. 

| a % was found thet, with increasing: angle of attack and constant 

uch number, the subsonic region behind tho shock wave increased in tho 
lower portion and decreased in the upper portion. With inereasing Mach 
ier the subsonic region decroased for all angles of atiack. Intore 

acti om between the upper and lewer portions of the shoek weve affects 


na 


the subsonic region behind the wave, supmrossing its appearance om the 
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upper surface, roterding its disapooraice fraa the lower ourfcco. 
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The thooretical inquiry into the flow arowmd a solid come at an 
angle ef ettack moving with a velocity groater than that of sound, 
hes not advanced to a voint where the behavior of the shock waves can 
be predicted as the como angle of attack is varied. As a mttor of 
fact, only two cases have so far deon found where the notion of a 
gas at supersonic speed in three=dimensions can, without objectionable 
sinplification be discussed mthenetically: the radial outword flow 
produced by a wmiformly expanding spheres and the flor around a solid 
sone at soro angle of attack. 

Previous investigations, (Cf. Ref, 1 and 2), have coverod detachod 
shock shonpes, pressure distribution on cone surface, and Mach numbers 
behind tho shoek for corresponding cones and Mach numbers at sero angle 
of attacice . 

The intent of this investigation was to determine axperinentally 
the shape of the shock wave and agsociated characteristics ca wed by 
the presence of a finite cone at various angles of attack in supersonic 
flow. The detached sheoks and these attached ‘ahoske, where thore was 
a possivility of detaciment occurring at angle of attack, wero of 
primary concern. Also of prince interest was the suosonie flow rogio 
behind the shock. ne set of pressure measurements at she surface of 
the cone was talen at a teh number of 1.584 for angle of attack of 


gsoro and twelve desrecd. 
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II. EQUIPHENT AND MOCEDIRE 


The models used for this investigation were machined ile bFAGa , 
2/3" in @lemoter and mad a cone angle of 79°, Six cone models wore 
used during the eourse of the investigetion, cach with a pressure 
orifice located on the coniesl surface ct varying dietences fran the 
nose. 4 skotel of the cone medel with dimensions and location of 
orifiees is shown in Figs 1. All six cone models were idontical 
exsept for the looetion of the pressime orifice. 

The investization wes carried out in the GAILIT 2.5" Supersonic 
| Wind Tumel, (Cf. Ref. 3). The model was supported by e sting which 
could ve varied in angle of attack fran -5° to 45°, but could not 
be varie? in yew. A flexible nozrlo, (Cf. Ref. 1), was used for Mach 
numbers of 1.458, 1.544, end 1.857. Por Mach mmbors of 1.584, 1.956, 
and 5.01 fixed steel nogsle blocks wore used. In the caso of th 
flexible nozzle, the nozzle shapes wore dakcaines by Puekott's KMothed, 
(Cf. Ref. 4). 

Calibration of the teat section Mech number was cecanplished by 
Q@ static pressure survey Clong tho nogzle centerline in comestion 
with a reference static pressure taken at the test soction wall. The 
centerline survey was mide sy means of a 0.065" outside diencter tubing 
with a static orifice. The tubing wes fixed with respect to horisontal 
and vertioal movezent but wes capable of axial movenont. In order to 


elininate tho measuronent of gnall chongos in low pressure, taken alo: 
the centerline of the teat section, acainst relatively high atmonphoric 
pressure, tho tost section centerline static pressure was measurod 
against the reference static pressure. The reference prosaurc wie also 
measured against ctmespheric pressures thon, by subtracting the ditfare 
ence boixieen referonce and centerline pressures fran the reforance 
pressure, tho centerline atatic prossure wee obtained. 

The model's sero angle of attack was determined in ¢he following 
mamer. ‘ith the model orifice on top, pressure readings wore taka 
at several exnrles of attack. The model orifice was then switched to 
the bette: and pressure readings were taken at the same angles of 
attaci-. A plot was then made of preseure readings vorsus angio of 
attack. Zaro angle of attack 46 givon by the intersection of the curves 
for the orifice on top and the orifice on the bottan 

During all tests the relative humidity of the timnel was hold with= 
din .02 to .04 percent by a silisa-col dryer in the twmel circuit. 

Pollowin: the calitwation of the test seotion Mach number and 
model angle of attack: the flow field around the madel, at angles of 
attack fron 0° to 15° in §° inerenents, was photographed by moans of 
schliera aprercatus. | 

£. preasure survey of the cone surface was taken at a Mach number 
of 1.504 for anglos of attnol of 0° and 129, (Cf. Fire 27). 
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The shes: wave patterns in dimonsionless form were ocbtalnod ja 
the follaving manor. Tho necatives of the schlieren phoso-rashs 
wore projocted on gravh varer ty meons of e nhotorwenlarges. Tio 
photeeqilorger was edjueted so thet the dianeter of the modol wes 
ogiel to « ¥/P of enc on the selected scale, and the stock weve 
pattern wos traced om graph paper. Tho shosk weve patterns for 
several angles of attadk, fer ane particular linech numbar, wore supore 
iraposed on the sane sheet. This procedire was follawed for all "qoh 
nunberie The sane procedure was also followed in obtaining tho 
shock wave patterns for ol] “ech nambere at a partioular anj;lo of 
attack. These tracings were used to obtain the final dinonsionloss 
curves. By use of this method it was hopod te minimize, in so for 


as possible, errors associated with transcribing the sheok weve 


patterns to dimensionless cocrdinctes. 
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ITT, RENTS ATO Ene Reto 

The principal results aro ceuieotel as @inensionless plots of — 

 phoat wave vatterns plotted relotive to the cone axis rather then 
the flow direction. The first series of plots aro at constant Mach 

ube ae engle of ettack varying, (ce. Pigs. 5 to 14), Tho second 

. in an ar conatant angle of attack with Yeoh numbers verying, (Cf. | 

rs cae 15 to 25 # A thara mothed of presenting the results is a tabula= 


3 tables, the position at whloh the ingh number behind the 
ek wave becones Benic and tho position of the normal shock: was peer ree | 
data was indieated on the e hook wave \ sai where these points a Mes 
A surface rreasure simvey was taken over beth upper and lower cone my 
| 00 at & liach manor of 14506 for anglve. of ntback of 0° ana iets os 
Be land Pige 27 J. | 
Pe 2 defines tho symbols weed in tho graphical and tabular rem ie 
:.. of tho reaults. | 
| cs he dimonsicnless form af tho shock wove petterns wes obtained by 
the | cone dionoter ap tho olnracteristic dimension. Particular 
tion was given in obtaining the shock weve pattern shape nar the 
of an cones Since, in the caso of varying angle of attad: and 


sonste:* Theh mribor, it ros found that sane of the shoe pattorns 
erossod in this recton. 

The sheck wove mtterns for constant Mach mmeher shor tint close 
to the nose of the cone the shecis do not have a tmiform srrond rith 
eel inerenonts in oncle of etineks an the vertical distance fren 
the nose ef tho cone increases the aproad becomes roculer. It ic also 


? 


clearly shom that with incrmsin: ongle af attack the shoak wmvo 
patterns assoeleted with the upner surface of the cono straishten and 
ageme attached shock olmracteristics, i.c., no subsonic gone behind 
Gocks wello thosa asseciated with the lorer surface increase in cure 
yoture and assume detache’ chareeterintics, 1.e., © subsonic zone 
behind shock. This ie more clearly browht out by the Zach mmbor 
owvey dircetiy behind the shoclt. 3 

the verietion of shock shapes with Mech muaber et constant anglo 
of attack aro a cross=plot of the previously discussed ourves. I% is 
cloarly indicated that althouwh the lewer portion of tho sheck woves 
gredimlly change their cimractoristics from attached to detached, 
those shocis initially attached to the nose of the cone aproratly 
rawin attached and these initinily detached remin detached. 

The lech nuaber directly behind the aheck wavo at me point was 
determine: fron ieseriedd charia cond edlicue shook thoory by measuring the 
angle betwoon the shock wove and tho flow direction, (Cf. Tables I te 
VI}. 


At 0° angle of attack the subsonio gone was symmetrical with 
respoct tio the conc exis. For increasing anzle of etiack, at constcnt 
Beach number, the subsonic region increased in the lowor ond docreasod 
in the upper portion of the flow, the rate of decresse being faster 
than the rate of inerense. Por constant onelo of atwcok and varying 
Mesh nunber, the sutwoale gone decreases in both the lows" and uppor 
pertions of che flow. 

The Taylor=Mecooll Theory for conical shod:s, (Cf. Ref. 5), may 


be used here as a tasis of canporison, if 1% is assumed: 


a 1. That the upper and lover surfaces of the cone may be 
cons ed seperatoly. 


2. That the ancle botween the flow direction and the cono 
surface may be considered as the halfevertex angle of 2 fictitious 
CONGes 
Maxiown flow defleetion for an initial Mach mmber, as predicted by 
the Taylor=aec02] Thoory, is plotted in Mg. 26. The condition of 
the upper ond lowor portions of tho shoei: wave for cach Mach number ia 
presonted in Table Vil. 

Telcing first the lower shocl: wavo pattern at e2ero angle of atta: 
end inoreacing ‘iach nuavers, the shock wave Ins dotache’ charactorioetics 
until a Mech nunabver betaroon 1.5064 and 1.957 is ronched. 4% seme point 
between these &o jineoh numbers it assumes attachod choractoristios. 
This agreed with the Taylor={‘secoll Thoory. The results also agree for 
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8° angle of attack, 2% 6° angle of attack corresponding to a helt~ 
ertex angle of 41° the Taylordiinecoll iscly a18Ge bi the etndeen 
h maber for an ebinehod shock weve 2,053. Tixpersmontal res:lts 
Ae te a subsonic region in the flow field beliind the lower portion 
shock wave at 6° angle of atiel: for Mach mmbors to 1.857. 
_ ox portion af the pack weve at G Maoh munbes of 1.989 doos 
not | ; 0 & Gubsonic regions thus, it eesumes attached charactoristicee 
: A out sonic region, beliind the lawor portion of the shock wove, Cor a — 
| number of 1.996 does not eppoor wrbil an angle of attack of 9° 
is} ‘ached. The subsonic region behind the lerer portion of the shoo 
me vo | nerosee with inereasing anglo of attack. 

Po @ Hach number of 3.02 awe conieal shock theory predicts that 
; sk detactmert will ocou at a a brecerban anmle ef sonething lose 
: nn 80°, corresponding to an angle of attacl: of loas than 18°, How 


Wer, atan angle of atimck of 15° the shock weve still md attached 


‘Considering; the upper shook, for which this fictitdous helfevertex “ 
: a le can be congidered as decreasing with angle of attack, experimental 
ecultc indisete tint the gubsonie regions, if initially present, did | 
| Misappecr for the range of angles of attack Investigated. Fron the 
. ‘conical shock theory at an arcle of attack of approximetely 6° the chook 


‘ < N : . ws 
; — ehoulé becane attached for the “ach nurhera imdor considerc ions 


hg @ result of the abeve discission, 1% is eridant tit intcre 
action eceurs bebroen the upper and lower nortions of the shod: vere 
at ancles of attack, The interaction causos the disappearance af the 
Bubsonic recion behind the upyer shor’: wave to bo deloyel cond te also 
‘delay the disappeeranco of the supersonic ragion bchind tho lover 
ghocz weve @s the angle of atinclk is increnaed. 

The pressure mecsuranoents for 2 detached ehook, at a lineh muaber 
"ef 1.584, wore refused to tho non-dimensioml form p,s/n9'5 py! veing 
the reservoir pressure behind the sheels wave at the nose of the com. 
Pressure metsurements were ta'ron on both oper and lover surfaces at 
0? and 12° angles of attack. 

The plote at constent Mach number and varying angle of attaciz, 
fer which the shock weves are detache’, indicate tmet “h« subsonic 


gone behind the shoals wave is dooreased with angle of attack. 


The followins conclusions can be drawn fron the rosulte of this 
invoscications 
le At angle of attack thoro is a definite intoractlon 
between tho upper and lewer portions of tho shociz: wave. 
2e Tho shock wavo if initially attached to the cone rawin=e 
ed attached even with the appearance of mixed flow behind the shock, 


“fer the range of ancles of attack tested. 
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. SAMPLE CAICUIATIONS 


Ae DeGerminetion of Theh number in test sections 


Po., ~ Gmuce reservoir preasure 


& 
2, ‘ Yreforence well stetic orifice pressure 
 < peace Pefarence prese ure 
ye nozzle conterline atatic orifice pressure. 
ee 


Density conversion factorns 
1 om. acetylene tetrabronide ~ «2188 on. he. 
1 em. silicone = .0695 cae hee 


BR Pp Ph h 


i 2 =p 


Po By Py 

Orifice position 1,8* 

Pon 103.0 om. acetylene tetrabromide 
Py 9% om. acetylene tetrabromide 
Pe, = Pa 9.7 om. acetylene tetrabromide 
02188 (Po, - Py 212 om. hee 

Baroneter 74.57 om. hg. 

Dg 72.48 em. hg. 

B 730i om. he. 

Re 129.6 om. he. 

Pa - Fo, 56.45 om. he. 

Pp 18.12 cm. hg. 


13 


Po/?, (av. } 02487 
Dp 69.6 om. silicone 
Py 64.0 em. silicone 
Bo * Py ~eG om. silicone 
0695 (p, = np) =.539 cm, hg. 
0695 (p, = p.j/p, =.00557 
p/P, 02542 
i 1.544 

B. Determination of p,/p,’, U~ 1.504 
P, = gurfaco pressure on cone 
P,' = pesorvoir pressuwe behind noracl shod: 


p/p, wes found in the ane wy as in tho dotorzinction 


of the Mach mrber. 


P,/P, Pose). 


PoP," 1.109 
p Py" 355 
=? 22497" 
& 032" 


et fh ; e779 


TABLE I 
Xu = 1.438 
ese. fl 
Upper and Lower Upper Lonres? 

A le 
Oo . 790 0 780 0  .736 
we 780 2 B08 .08 = «6 758 
4 «=. 82 4 © 068 2 e769 
6 = SGB 6 = 398 et 
ier | ope <6 888 
1.0 92 1.0:, "0980 =. 900 
le 2978 1612 1.000 1.0 927 
let 836-999 1.2 938 
1.41 1.000 1.6 90% 


1.47 1,000 
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TABIZ 1 (continued ) 


M = 1.438 

Doper Lower Upper Liaerar 
%/2 = YM x¥/ Mo Yo & 
0 .748 C 748 0 70 ae 
s2 =. 800 004 = «£785 of 3s OBE 009 =. 735 
& =. B35 o@ «=. 760 4 «=. 8985 o84- pave 
6. 820 ee ky Go 920 4 798 
8 .960 <6 869 oo 4 988 6 .828 
1.0 .990 8 900 2.0 .990 8 .838 
2.60 1.900 1.0 .986 1.02 1.000 1.0 .862 
le2 0960 452 4900 

1.4 .985 1.4 © 942 

1.53 2.600 1.59 1.009 
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ote 
ie tl Ma On nS ee ee en) 


Gonear Correa" over 

fs 7 a v/o 
ee ee ee ee we Xo eres 9 — Sate a 
#) 0 ft 8) oft $) eJLZ 
. ry e OD . 2 « 765 i a *. 830 
ot PEs © oe «FX 0G «KO 
eG e830, «& 0 F975 Pe 0985 
oS o 3E0 eV eta? 35 1.006 


CG = Q? 


Uoper Gnd waver 


r/o pes 
r iar 


0 2098 
02 0855 
4 0387 
06 0398 
8 2 922 
3.0 «970 | 


1.26 1.600 


TABLE TI 

Mo 1 fA 
gq = eo 
Ce 


8) «700 9) ° 700 

By 2828 02 695 

4 2860 02 0770 

6 2 920 «6 882 

3 2 955 6 «880 

098 =—2,000 o8 920 
1.0 2958 

117 =: 1.000 


_ ei 7 hee Oe Y oh) ee | 
", Ate at nr hs Vo 
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TABIN il (continued) 


= 1,544 
: ae 8 

Upper ISITE Upper lamer 
Yo Y i, > Me v/ i. 
0 .707 oO 77 O 6720 O ~ .720 
se OCt«iwMSC<“<«té‘CSSC#C«C ee .08 695 
4 0C(i«wS—i(‘i RCTS A 4TtS) 3 
a ae oe 8. ett 4 6820 
 : 28 4892 “6 =. 856 
10 60=995'i(‘(‘(iw KO 268 1.000. .8 900 
3.02 1.000. 1.0 .960 ee. oe 


1.28 1.060 1.38 1.000 


yf aoe ae a Ce 7 Oo 
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TABI" II {continued ) 


MS 1.564 
g@ = ype Pa 18° 
Upper Lexrer Upper Lover 

YD YD Mo YD Me Yo 
0 .780 0 730 o 2740 0 .740 
2 6. - 9110 .078 .695 02 =o 825 ol = 6. 695 
04 =. 985 2 4 86©=-_. 965 8S OS 
se 40s «72 & = 780 «47 1.000 & .770 
«68 1.000 6 685 06 = BR 
8 «6 B76 28 882 

1.0 - .925 1.0 984 

1.2 1.900 1.2  .990 

1.22 1.000 
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TABI, TIT 


w= 1,594 


0° Gt 39 
ar TT TD Oe Oe 
Upper and Lower Upper : Lorrer 
a? Pry rik d a oe fy 


0% 1.000 085 1.000 3 2955 


i ail 


at fi ON 
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TABIZ TIT (continued ) 


Me 1.504 
Da 6 

Upper Lowes Upper Lower 
ae SS. Be 
o 695 0 .695 o 708 O°) 2708 
SS 2 . 4890 «208. 088 
@& .967 «2 800 4 .986 2 .785 
| Tt a 255 1,000 .4 .000 
075 1.00 6 =. 888 6 846 
-8 =. 985 | 28 900 
1.0 .990 1.0 .968 


1.055 1.000 1.27 1.000 


TADIE IIL (continued ) 


MS 1.584 


0 @#% 0 e715 
of 2970 007 3=— - 688 


28 2 835 
31.0 958 
2.16 1.006 


© 15° 
Upper Lonres? 
T/D Mp Y/D Ky 
8) 2 7e0 9 Py t,9) 


Pr) » 851 
2.6 » 920 
1.34 1,000 


Supersonie 


Super sonie a) 0 758 


ee 2390 
04 979 
06 » 995 


Supersonie 
«= 9® 
Upper Lower 

YD My 

Supersonic 0 2 380 
PY 2850 
of 2920 
oS 2970 
67 1,000 
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TABDIE IV (continucd 


pe we de 857 
es = 2° q & 215° 
Upper Lewes Upper Lowes 
> Ms ¥/p M& 
79 Supersonic 9 625 


Supersonie 0 


of.) 078 22 780 
-& 8 §=6. 85 4 780 
6 6 6 867 
«75 1.00 o8 970 


083 2.000 


TABLE V 
M = 1.986 
Upper and Lever Upper and Lever 
Supers onie Supersonic 
oe EB 
Upper and Lower Upper Lower 

Supersonie Y/o My 
Supersonie ver 960 

of 2 960 

24 2 960 

& ° 972 

084 1.900 

e = 120 @ = 15° 
Upper Lexver «Upper lower 

Y/0 My Y/D Mp 

Supersonic 8) ~ 5830 Superaonie 7 790 
ee 2 060 of 2819 
4 2895 of 2 SAS 
06 2979 06 « 866 
-68 1.000 e775 1.000 
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Flow was supersonic behind shook 
et cll engles of attack investigated. 
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TABLE Vit 


CONDITION OF SHOCK 


15° 


M= 1.544 


M= 1.5% 


M = 1.986 


M= 3.01 


Note 2 


DW detached shock charactoristics 


AW attached sheck characteristics 
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FIG. 2 
SYMBOLS 
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